Abstract-The enhancement of the electromagnetic field at the surface of a Drude metal is classified as the so called surface plasmon effect. This surface plasmon effect in a classical Drude model has been investigated extensively in the frequency domain. However, to understand what is actually happening to the electromagnetic field at the near vicinity of a Drude metal a thorough analysis in the space-time domain is needed. Once the space-time domain counterpart of the surface plasmon effect is found, one is able to describe and classify the physical phenomena that are playing a role in the occurrence of this effect.
INTRODUCTION
The phenomenon of surface plasmon resonance of metallic structures has been known and theoretically described for more than fifty years. Nowadays, the plasmonic nanostructures are used in a variety of applications, such as molecular sensing and imaging devices, optical devices and metamaterials. One of the materials in which plasmonic effects are encountered are metals that have a frequency dependant conductivity described by the Drude model. Many researchers investigated Drude model metals in the frequency domain in order to determine the optical behaviour of metals within a certain frequency range. However, to understand what phenomena are at work when the electromagnetic field interacts in the near vicinity with a Drude model metal, a thorough analysis in the space-time domain is needed. Once the space-time domain counterpart of the surface plasmon effect is identified, a description and classification of the physical phenomena that occur can be given. These results can be of great importance in the field of time-domain terahertz spectroscopy.
The pulsed electromagnetic radiation from a line source above a plane plasmonic half-space, modeled by a classical Drude model, is investigated. In order to obtain closed-form expressions for the reflected electric field anywhere above the plasmonic half-space, the reflection factor R E that corresponds to the Drude metal half-space is mathematically written in the form of a Laplace transform integral, enabling the application of the Cagniard-de Hoop method. In the Cagniard-de Hoop method the Laplace transform with respect to time is used, in which the Laplace parameter s is kept real and positive in order to ensure causality in the space-time domain expressions for the electromagnetic field. Attention is paid to investigate which parts of the Laplace transform integral representation of R E give rise to the surface-plasmon effect by means of enhancement of the reflected electromagnetic field at the near vicinity of the Drude metal interface. The derived space-time domain expressions for the reflected electric field explicitly show the special time and space dependence that exists in the reflection factor at the interface of the plasmonic half-space. Consequently, leading to a better understanding of the physical effects, that occur at the interface of classical Drude metals in the space-time domain.
Finally, a suitable source signature is proposed, which enables, without loss of generality, a suitable determination of analytical closed-form inverse Laplace transforms of the distinct source functions. Numerical results that support the conclusions made in this paper will be presented at the Symposium.
DESCRIPTION OF THE CONFIGURATION
The reflected electromagnetic wavefield in the upper half-space of two homegeneous, isotropic, semi-infinite media is investigated. To specify the position in the configuration, we employ the coordinates {x 1 , x 2 , x 3 } with respect to a fixed, orthogonal, Cartesian reference frame with origin O and three mutually perpendicular base vectors {i 1 , i 2 , i 3 } of unit length each. In the indicated order the three base vectors form right-handed coordinate system. In accordance with previous papers, i 3 points vertically upward towards the upper medium occupying the half-space 0 < x 3 < ∞, which consists of vacuum with permittivity 0 and permeability µ 0 . The lower medium occupying the half-space −∞ < x 3 < 0, consists of metal whose properties can be described by a Drude model, with permittivity 0 and a conductivity relaxation function defined by
in which η is defined by
in which c = ( 0 µ 0 ) −1/2 , ω p denotes the radial plasma frequency, n is the density of free electrons, e the electron charge and m e the effective electron mass. In Eq.
(1) the parameter β is the phenomenological relaxation constant.
METHOD OF SOLUTION
The electromagnetic field in the configuration is described in terms of the electric field E and the magnetic field H. The action of the source is characterized by specifying the volume density of its electric current J S , which is defined by
where h T with h T > 0 denotes the vertical distance of the line source to the interface. In any domain where the field quantities are continuously differentiable, they satisfy the following electromagnetic field equations
together with,
in which J is defined by Eq. (1) in the plasmonic half-space and J = 0 elsewhere. In our analysis we separate the total field into the incident field {E i , H i }, the reflected field {E r , H r } and the transmitted field {E t , H t } according to
where the incident field is the field that the source would generate if no boundary were present. Across the interface of the two media, we have the continuity of the tangential components E 1 , E 2 , H 1 and H 2 and we take into account the radiation condition, i.e., the fact that the incident field travels away from the source, while the reflected and transmitted field travel away from the interface. Next, we incorporate the two-dimensionality of the configuration. To this end, we decompose each field vector into a component that is parallel to the line source (denoted by the subscript ) and a component in the plane perpendicular to it (denoted by by the subscript ⊥). Taking into account that ∇ = ∇ ⊥ and J S is parallel to the interface, we can rewrite Eqs. (4)-(7) in a form where only an E-polarized field is generated for which E = 0 and H = 0. Finally, we subject the field quantities to a Laplace transformation with respect to time according
and a spatial Fourier transformation with respect to x 1 according tõ
together with the inverse transformation
in which I denotes the imaginary axis.
REFLECTED ELECTRIC FIELD REPRESENTATION
In this section, we determine the representation of the reflected electric field excited by the localized line source defined in Eq. (3). Application of the transformations (10) and (11) and solving Maxwell's equation for the generated E-polarized incident electric field yields
in which
Similarly we obtain for the reflected electric fieldẼ r ,
in which R E denotes the reflection factor which is given by
In Eq. (15), h T denotes the distance from the electric line source to the plasmonic interface and x 3 denotes the vertical position of the receiver above the interface. Next, we rewrite the reflection factor R E in the form of a Laplace transform integral in order to allow the application of the Cagniard-de Hoop technique [1] . First, we multiply both the numerator and the denominator of Eq. (16) with γ − γ p , resulting in
The expression γ/γ can be recognized as a Laplace transform integral according to [2] , formula 29.3.55, as
in which J 0 denotes the Bessel function of order 0. Then, we can rewrite R E in Eq. (17) as
in whichW
Now, we can rewrite the reflected electric fieldÊ r (x, s) in the form
In Eq. (23), the source functionsŜ are given bŷ
and the Green's functionsĝ(x, s) are given bŷ
respectively. It is noted thatĝ 0 (x, s) represents the total reflected Green's function in case η → ∞,
In the next section we will show that the integrals at the right-hand side of Eqs. (28)- (30) can be transformed such that the space-time domain counterpart of the reflected wavefield in Eq. (23) can be expressed as
in which R = [x 2 1 + (x 3 + h T ) 2 ] 1/2 denotes the distance from the image of the electric line source to the point of observation and U denotes the Heaviside unit step function.
SPACE-TIME EXPRESSIONS
In order to obtain space-time domain expressions for the reflected electric field E r (x, t) we apply the Cagniard-de Hoop technique. In the inverse spatial Fourier transformation with variable of integration α we introduce a parametrization along the variable τ , which is real and positive. In view of subsequent deformation of the path of integration, we take Re(γ) ≥ 0 not only on the imaginary α-axis but everywhere in the complex α-plane. This implies that branch cuts are introduced along {α ∈ C|c −1 < |Re(α)| < ∞, Im(α) = 0}. Now the path of integration in the complex α-plane is deformed into a Cagniard-de Hoop contour defined by
Let α =ᾱ(τ ) denote the parametric representation of the solution of Eq. (32) in the upper half of the complex α-plane, then the contour consists ofᾱ together with its complex conjugateᾱ . We obtainᾱ
for T ≤ τ < ∞, with T = R/c and where the contour is a branch of a hyperbola. Along the contour we further haveγ
Taking into account the symmetry of the contour with respect to the real α-axis, we obtain
In Eqs. (36) and (37),W 1 andW 2,3 are obtained from Eqs. (20)- (22) by replacing γ withγ.
THE SOURCE SIGNATURE
In this section, we will present a source signature j (t) that is chosen such that the time domain counterparts of Eqs. (24)- (27) can be found analytically. Since we are especially interested in space-time domain phenomena that give rise to the existence of surface wave like effects in the frequency domain, we can without loss of generality choose a suitable source signature that will simplify our computational efforts. If we takeĵ (s) = s −3/2 (s + β) −3/2 to be our source signature, with [2] , formula 29.3.50, we obtain the time domain counterpart
in which I 1 denotes the modified Bessel function of the first kind and order 1. Then the source functions S 2 (t) = δ(t) and S 1 (t), S 3 (t) are found to bê
in which I 0 denotes the modified Bessel function of the first kind and order 0.
CONCLUSION
Numerical results of the space-time domain reflected electric field above and at the near vicinity of the interface will be presented at the Symposium. However, from the space-time expressions that we have derived in Eqs. (35)-(37) we can at this stage draw some preliminary conclusions. Since it is known that the enhancement of the electromagnetic field is mainly located close to the plasmonic interface, we can conclude that the surface plasmon effect is strongly space and time dependant. If we take a close look at the derived space-time expressions (35)-(37) to seek those parts that are responsible for the electromagnetic field enhancements at the near vicinity of the plasmonic half-space, we search for a connection between space and time that is only present inW 2 and W 3 . Consequently, g 2,3 (x, t) is the part of the space-time domain electric field that is responsible for the surface plasmon effect. Now, from Eq. (34) we observe that in the case the source and receiver locations are close to the plasmonic interfaceγ becomes imaginary, which changes the Bessel function J 0 in Eqs. (21) and (22) into a modified Bessel function I 0 with a real argument. Hence, when the receiver location is moved away from the plasmonic interface the Cagniard contour takes on the form of a branch of a hyperbola according to Eq. (33) andγ becomes complex, see (34), leading to a complex argument for the Bessel functions J 0 in Eqs. (21) and (22). We can conclude from this analysis that the enhancement of the electromagnetic field at the plasmonic interface is mathematically described by the Bessel function J 0 whose amplitude increases when the receiver location is moved towards the interface. These conclusions are supported by the numerical results that will be shown at the Symposium.
